INTRODUCTION 69 70
Moderate consumption of wine has been associated with reduced risk of 71 cardiovascular diseases and cancer, as well as with several beneficial effects on the 72 human immune system and cognitive functions (1). Health-promoting properties such as 73
anti-oxidant, anti-bacterial, anti-inflammatory, anti-allergic and anti-thrombotic 74 activities have been related with the presence of polyphenols (2). Other phenolic 75 compounds, such as phenolic acids, catechins and some flavonoids play an important 76 role in wine quality, contributing in flavor and color properties, especially on red wines 77 (3,4). Thus, the determination of polyphenols in wines, using reliable methods, for 78 quality control and assessment of wines because of their effects on health and taste of 79 these products is considered at the moment a priority. 80
High performance liquid chromatography (HPLC) has been the technique of 81 choice for the quantification of phenolic compounds in wine using either UV absorption 82 spectroscopy (5-12) or mass spectrometry (LC-MS) (13, 14) . Other analytical techniques 83 such as gas chromatography coupled to mass spectrometry (15), polycyclic sensors 84 (16,17) or cyclic voltammetry (18) have also been recently reported for the analysis of 85 these compounds. 86
Lately, the utilization of capillary electrophoresis (CE) has increased as an 87 alternative to LC because of his high efficiency, rapid analysis and low reagent 88 consumption. The application of CE to the determination of phenolic compounds in 89 beverages (19) and foods (20,21), including wine, has been reviewed. A specific 90 revision of methods for quantifying resveratrol in wine is also given elsewhere (22). For 91 instance, capillary zone electrophoresis (CZE) methods using phosphate or borate-based 92 electrolytes has been described for the quantitative analysis of phenolic acids (23-28), 93 resveratrol (26,29), flavonols (26,30), catechins (27-30), and different flavonoids 94 (24,31). Other CE techniques, such as micellar electrokinetic chromatography (MEKC) 95 with sodium dodecyl sulfate (SDS) have also been applied to the determination of 96 phenolic acids (32,33) and flavonoids (32-34). However, from the point of view of wine 97 analysis, no more than 10 common polyphenols are usually quantifyed in many of these 98 works. Some of these CE studies focused solely on the determination of the phytoalexin 99 resveratrol (35-37). Detections often rely on UV spectroscopy using diode array devices, 100 but other techniques such as voltammetry (29), or CE coupled to mass spectrometry 101 (CE-MS) (14) have also been employed. 102
Obtaining reliable quantitative data for the quantification of polyphenols in wine2-(4-hydroxyphenyl)ethanol (Tyrosol), trans-cinnamic acid, gallic acid, veratric acid, 137 homogentistic acid, caffeic acid, sinapic acid, ferulic acid, vanillin, and (+)-catechin 138 were purchased from Fluka (Steinheim, Germany), and quercetin dihydrate was from 139
Riedel-de Haën (Seelze, Germany). 140 HPLC-gradient grade methanol and isopropanol were obtained from Merck 141 (Darmstadt, Germany), and sodium tetraborate was purchased from Sigma-Aldrich. 142
Stock standard solutions of all polyphenols (~1000 mg/L) were prepared in 143 methanol. Intermediate working solutions were prepared weekly from these stock 144 standard solutions by appropriate dilution with water. All stock solutions were stored at 145 4 o C for not more than 1 month. Background electrolyte (BGE) was prepared daily by 146 dilution of a 100 mM sodium tetraborate solution, and adding the appropriate amount of 147 isopropanol. BGE solutions were filtered through 0.45 µm nylon filters (Whatman, 148
Clifton, NJ, USA). 149
Water was purified using an Elix 3 coupled to a Milli-Q system (Millipore, 150
Bedford, MA, USA) and filtered through a 0.22 µm nylon filter integrated into the 151 Milli-Q system. 152
153
Apparatus 154
155
The experiments were performed on a Beckman P/ACE MDQ capillary 156 electrophoresis system (Fullerton, CA, USA) equipped with a diode array detection 157 system. The electrophoretic separation was carried out using uncoated fused silica 158 capillaries (Beckman) with a total length of 60 cm (effective length 50 cm) x 75 µm I.D. 159
The background electrolyte (BGE) consisted of 30 mM sodium tetraborate buffer 160 solution (pH 9.2) containing 5% (v/v) isopropanol. Capillary temperature was held at 25 161 o C. The BGE was filtered through a 0.45 µm membrane filter, and degassed by 162 sonication before use. Samples were loaded by pressure-assisted hydrodynamic 163 injection (10 s, 3.5 kPa). The electrophoretic separation of polyphenols was performed 164 by applying a capillary voltage of +25 kV. Pressure-assisted separation (3.5 kPa) from 165 minute 18 was used. Direct UV absorption detection was carried out from 190 nm to 166 310 nm (sample quantitation was performed at 280 nm). This CE instrument was 167 controlled using a Beckman 32 Karat software version 5.0. Peak integration was 168 performed valley-to-valley taking into account the baseline shift showed in the 169
electropherograms. 170
To study the method performance, a Beckman P/ACE 5500 CE System 171 (Beckman) was also used. With this instrument, a fused silica capillary with a total 172 length of 57 cm (effective length 50 cm) x 75 µm I.D. was used. This CE instrument 173 was controlled using a Beckman P/ACE station software version 1.2. All other 174 acquisition conditions were equal to those of MDQ CE instrument. 175
176

Capillary conditioning 177 178
New capillaries were pretreated with 0.1 M hydrochloric acid for 60 min, water 179 for 60 min, 0.1 M sodium hydroxide for 60 min, and finally they were washed with 180 water for 60 min. At the beginning of each working session, the capillary was rinsed 181 with sodium hydroxide for 30 min, water for 30 min, and with the BGE for 60 min. The 182 capillary was rinsed with BGE for 5 min between runs. At the end of each session, the 183 capillary was stored after rinsing with water. 184
185
Data Analysis 186
187 MATLAB (Version 6.5) was used for calculations. PCA was from the PLS-188 Toolbox (39). A detailed description of this method is given elsewhere (40) . under study was prepared to evaluate the performance of the separation. In this case, a 229 2-factor grid design was defined. Concentrations of isopropanol and borate buffer were 230 assayed at 5 levels (from 1 to 5%, in steps of 1%) and 3 levels (10, 20 and 30 mM), 231 respectively. As a result, a total of 5 x 3 experiments were carried out. The criterion for 232 finding the optimal experimental conditions was based on obtaining the best separation, 233 in terms of number of resolved peaks (N peaks ) and resolution (R s ), in the minimum run 234 time (t run ). Figure 1 shows the response surfaces obtained for each of the objectives 235 considered. In the case of N peaks , the maximum was achieved at 5% isopropanol and 30 236 mM borate buffer. For R s of p-coumaric and quercetin peaks, two maxima were found 237 which corresponded to 5% isopropanol and, 10 mM and 30 mM borate. For t run , which 238 was estimated from the migration time of the last peak of the electropherogram (2,3-239 dihydroxybenzoic acid), the faster runs were obtained at 1% isopropanol and 10 mM 240 borate. 241
In order to reach a suitable compromise among these 3 objectives, a combined 242 Table 1 . LODs, based on a signal-to-noise ratio of 3:1, were calculated using standard 272 solutions at low concentration levels (in the range 0.3-2.6 mg/L). The values obtained 273 are similar to those reported in the literature with CE methods when using UV-detection 274 (26,33). LOQs, based on a signal-to-noise ratio of 10:1, between 1.0 and 8.5 mg/L were 275 obtained. Calibration curves based on peak area at concentrations between 1 and 100 276 mg/L (higher concentrations for some compounds) were established. Good linearity was 277 observed for all compounds with correlation coefficients (r 2 ) higher than 0.990. 278
Run-to-run and day-to-day precisions for compound quantification, at a 279 concentration level of 30 mg/L (using standard solutions), were calculated by external 280 calibration for the two CE instruments (P/ACE MDQ and P/ACE 5500). In order to 281 obtain the run-to-run precision, five replicate determinations were carried out. Similarly, 282 day-to-day precision was calculated by performing 15 replicate determinations on three 283 non-consecutive days (five replicates each day). To better validate the proposed method, 284 precision was evaluated using two different CE instruments. The RSDs obtained for 285 run-to-run and day-to-day precisions were similar using both CE instruments (in the 286 range 0.6-6.5% and 6.7-15.7%, respectively). These results showed that the proposed 287 method was satisfactory in terms of precision for the quantitative analysis of 288 polyphenols and phenolic acids. Run-to-run precision was also evaluated using pseudo- were evaluated: (i) external calibration using standards prepared in water, (ii) standard 308 addition, and (iii) pseudo-matrix matched external calibration (using a wine sample as 309 matrix). These three calibration methods were applied to the analysis of five selected 310 wines. 311
First, wine samples were analyzed using standard addition in order to establish 312 the concentration of polyphenols in each sample. All the analyses were performed by 313 triplicate, and the results are given in Table 2 . Compound identification was based on 314 the concordance of retention time and UV absorption spectrum with those of the 315 standards. The same samples were then analyzed by external calibration using standards 316 prepared in Milli-Q water, and by pseudo-matrix matched calibration. As no wine free 317 of polyphenols can be found, for pseudo-matrix matched calibration two wines with low 318 concentration of polyphenols were used as sample matrices to prepare all the other 319 standards to be used in the calibration, and concentration of each standard was then 320 calculated taking into account the basal level in the native wine. These analyses were 321 also performed by triplicate with each quantitation method and the results are also given 322 in Table 2 . In all cases pseudo-matrix matched calibration provided similar results to the 323 standard addition calibration. External calibration using standards prepared in Milli-Q 324 water seems to give also similar results, or slightly different, than those observed with 325 standard addition. Nevertheless, in order to see if there is any statistical difference 326 between these results, a statistical paired-sample comparison analysis was performed 327 with the results obtained either using external calibration or pseudo-matrix matched 328 calibration procedures with those established by standard addition. For a 95% 329 confidence level, the results achieved with the three calibration procedures were not 330 significantly different, with p-values (Table 2) higher than 0.05 (probability at the 331 confidence level) in all cases. However, it must be mentioned that for some compounds 332 (such as t-cinnamic, syringic acid, and gallic acid) in some wines, statistical differences 333 between external calibration and standard addition were observed. In consequence, the 334 optimized CZE method, using pseudo-matrix matched calibration with standards 335 prepared in wine matrix, can be proposed as an economic and rapid method for the 336 analysis of polyphenols in wine samples, providing a good idea of polyphenol 337 concentration levels for wine characterization. 338 Table 3 Since the presence of irrelevant data in the set under study may hinder the 382 extraction of reliable conclusion regarding to origin, next step was focused on the 383 selection of discriminat features. In this case, peak areas of the most descriptive peaks 384 were taken as analytical data to be treated by PCA. In particular, the data set consisted 385 of 15 peak areas of known and unknown compounds extracted as follows: 2 peaks at 386 280 nm, 6 peaks at 310 nm and 7 peaks at 370 nm (see Fig. 3a) . PCA results showed 387 that PC1 was mainly focused on the description of the peak intensities and variance 388 dealing with geographical characteristics was not retained. Information of the origin of 389 wines was captured by PC2 and PC3. The scatter plot of scores of PC2 versus PC3 (Fig.  390 3b) suggested that wines from Catalunya were located on the right part while Rioja 391 wines appeared on the top and central-left side. Castilla -La Mancha wines were mainly 392 on the left side and they seemed to be less distinguishable from the other classes. The 393 distribution of variables with respect to PC2 and PC3 showed that samples with higher 394 contents of compounds S1, S3, S4 and S6 were typical of Catalunya. Species S9, S14 395 and S15 were quite characteristic of Rioja, and compounds S5, S11 and S12 were more 396 abundant in Castilla -La Mancha wines. Some of these peaks have not been identified 397 yet. For the known components, tirosol, gallic acid were more characteristic of 398 Catalunya, p-coumaric and caffeic acids were encountered at higher levels in Rioja 399 samples and protocatechuic was more specific of Castilla -La Mancha wines. 400
401
The results obtained in this study show that the developed CZE method, using 402 pseudo-matrix matched calibration with standards prepared in wine matrix, can be 403
proposed as a rapid and economic method for the determination of polyphenols in wine 404 samples.
The method was applied to analyze these compounds in 49 commercial 405 Spanish wines from different regions. Eighteen of the twenty polyphenols studied were 406 detected and, in most of the samples, quantified, being gallic acid and 2-(4-407 hydroxyphenyl)ethanol the compounds found at higher concentrations. PCA results (score and loading plots) using selected peak areas as analytical data .  557   558  559  560  561  562  563  564  565  566  567  568  569  570  571  572  573  574  575  576  577  578  579  580  581  582  583  584  585 
